The phosphorylation of insulin receptor substrate 1 (IRS-1) on tyrosine residues by the insulin receptor (IR) tyrosine kinase is involved in most of the biological responses of insulin. IRS-1 mediates insulin signaling by recruiting SH2 proteins through its multiple tyrosine phosphorylation sites. The phosphorylation of IRS-1 on serine͞ threonine residues also occurs in cells; however, the particular protein kinase(s) promoting this type of phosphorylation are unknown. Here we report that glycogen synthase kinase 3 (GSK-3) is capable of phosphorylating IRS-1 and that this modification converts IRS-1 into an inhibitor of IR tyrosine kinase activity in vitro. Expression of wild-type GSK-3 or an ''unregulated'' mutant of the kinase (S9A) in CHO cells overexpressing IRS-1 and IR, resulted in increased serine phosphorylation levels of IRS-1, suggesting that IRS-1 is a cellular target of GSK-3. Furthermore, insulin-induced tyrosine phosphorylation of IRS-1 and IR was markedly suppressed in cells expressing wild-type or the S9A mutant, indicating that expression of GSK-3 impairs IR tyrosine kinase activity. Taken together, our studies suggest a new role for GSK-3 in attenuating insulin signaling via its phosphorylation of IRS-1 and may provide new insight into mechanisms important in insulin resistance.
Insulin affects a wide variety of biological processes including glycogen synthesis, glucose transport, mitogenesis, and protein synthesis (1) (2) (3) . Most, if not all, of these responses are mediated by the cellular substrates of the insulin receptor (IR), insulin receptor substrates 1 and 2 (IRS-1 and IRS-2) (1), which mediate insulin signaling by recruiting SH2 proteins such as the p85 regulatory subunit of PI3 kinase (4), GRB-2 (5), SH-PTP2 (6) , and Nck (7) through its multiple tyrosine phosphorylation sites. Although IRS-1 exhibits insulinstimulated tyrosine phosphorylation (8) (9) (10) , in unstimulated cells it is predominantly phosphorylated on serine͞threonine residues. In some instances these latter phosphorylations have been shown to antagonize some of the responses induced by insulin. Treatment of 3T3-L1 adipocytes with okadaic acid, a serine͞threonine phosphatase inhibitor, results in the hyperphosphorylation of IRS-1 on serine͞threonine residues, which correlates with a reduction of the ability of the IR to phosphorylate IRS-1 (10) . Tumor necrosis factor ␣, a key mediator in several insulin resistance models, increases phosphorylation of IRS-1 on serine residues and antagonizes insulin-stimulated tyrosine phosphorylation of IRS-1 and IR in adipocytes or hepatoma cells (11) (12) (13) . Modification of IRS-1 can thus have a key role in the generation of states associated with insulin resistance; however, the nature of the serine͞threonine kinases involved in this processes is not known, and the action of IRS-1 as an inhibitor of IR activity in vivo has not been fully established.
Glycogen synthase kinase 3 (GSK-3) is a serine͞threonine kinase that was originally discovered as a result of its ability to phosphorylate and inhibit glycogen synthase (14, 15) . Later studies implicated the enzyme in protein synthesis (16) , modulation of the transcription factors AP-1 and CREB (cAMP response element binding protein) (17) (18) (19) , cell fate determination in Drosophila (20) , and dorsoventral axis formation in Xenopus (21, 22) . GSK-3 is constitutively active in resting cells but undergoes rapid inhibition in the presence of growth factors or hormones such as epidermal growth factor and insulin (16, 23, 24) . The enzyme is inhibited by the phosphorylation of serine 9 located near the N terminus of the protein, and several protein kinases have been shown to phosphorylate this site. It is believed that protein kinase B (also known as Akt or Rac) (23) and p90 RSK (24, 25) are the physiological regulators of the enzyme. Information concerning the immediate down stream targets of GSK-3 in intact cells is still limited, and their identification may shed light on understanding the precise role of this enzyme.
MATERIALS AND METHODS
In Vitro Phosphorylation of IRS-1. Recombinant IRS-1 (0.1 g), a purified preparation obtained from Upstate Biotechnology (Lake Placid, NY), was incubated with recombinant rabbit GSK-3 (26) in the presence of 50 mM Tris (pH 7.3), 10 mM magnesium acetate, 0.01% 2-mercaptoethanol, and 50 M [␥-
32 P]ATP (0.25 mCi͞ml; 1 Ci -37 GBq) in a final volume of 30 l at 30°C for 15 min. Reactions were stopped by addition of Laemmli sample buffer, subjected to SDS͞PAGE, and autoradiographed. In other set of experiments, IRS-1 was isolated from CHO cells overexpressing IRS-1 (CHO͞IRS-1), which were kindly provided by Peter Wilden (University of Missouri). The cells were lysed in buffer G (20 mM Tris, pH 7.3͞10 mM ␤-glycerophosphate͞10% glycerol͞1 mM EGTA͞1 mM EDTA͞50 mM NaF͞5 mM NaPPi͞25 g/ml leupeptin͞25 g/ml aprotinin͞1 mM phenylmethylsulfonyl fluoride͞0.5% Triton X-100), and centrifuged at 10,000 ϫ g. IRS-1 was immunoprecipitated from the supernatants with specific antibody against IRS-1 (Santa Cruz Biotechnology). GSK-3 was added to the immunoprecipitates, and phosphorylation reactions were performed as describe above. For comparing the rates of GSK-3-catalyzed phosphorylation reactions using different substrates, 10 pmol of IRS-1, c-jun (Promega), or a synthetic phosphopeptide, p9CREB [ILSRRPS(P)YR, synthesized by Henry Zebrosky, University of Washington), were incubated with recombinant GSK-3 for the indicated times. The reactions in which IRS-1 or c-jun was the substrate were stopped by addition of Laemmli sample buffer, subjected to SDS͞PAGE, and autoradiographed; 32 P-labeled bands were cut of the gel and counted for radioactivity. When p9CREB peptide was used as a substrate, the reaction mixture was spotted on p81 phosphocellulose paper (Whatman), washed with 10 mM phosphoric acid, and counted for radioactivity.
Phosphoamino Acid Analysis. Recombinant IRS-1 or IRS-1 in the form of an immunoprecipitate derived from CHO͞ IRS-1 cells was incubated with recombinant GSK-3 under the conditions described above. Samples were subjected to gel electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore). 32 P-Labeled IRS-1 bands were cut from the membrane, digested with 6 M HCL, and subjected to one-dimensional phosphoamino acid analysis (27) . Similar procedure was used to determine the phosphoamino amino acid composition of IRS-1 immunoprecipitated from 32 Plabeled cells.
In Vitro Effect of IRS-1 Phosphorylation by GSK-3 on IR Tyrosine Kinase Activity. Recombinant IRS-1 (0.1 g) was phosphorylated for 15 min by GSK-3 under the same conditions described above except that unlabeled ATP was used. Partially purified IR obtained from CHO cells overexpressing IRs by wheat germ-affinity chromatography (28) was then added to a reaction, or to a control reaction without GSK-3, and incubation was continued for an additional 20 min. The added IR was present in 50 mM Tris (pH 7.3) and 50 M ATP, so that the concentration of these components remained constant after addition of IR. However, during the second inhibition the magnesium acetate concentration was reduced from 10 to 5 mM, and 5 mM MnCl 2 was introduced. The reactions were stopped by addition of Laemmli buffer, boiled, and subjected to SDS͞PAGE. Immunoblot analysis was performed using monoclonal antibodies to phosphotyrosine (PY20; Santa Cruz Biotechnology). In a related set of experiments, 10 g of histone H2B (Boehringer Mannheim) was added along with the IR to GSK-3-treated or untreated IRS-1, in this instance in the presence of [␥-32 P]ATP. Phosphorylation of H2B was determined by autoradiography.
Cells and Transient Transfections. CHO cells expressing IR and IRS-1 (CHO͞IR͞IRS-1), also provided by Peter Wilden, were grown in F-12 medium supplemented with 10% fetal calf serum. The cells were transiently transfected with pCMV4 expression plasmids encoding wild-type (WT) GSK-3␤, or its S9A mutant (26) , using an electroporation technique (29) . In brief, cells were grown on 15-cm plates to subconfluency, detached by trypsinization, and collected by centrifugation (800 ϫ g). The cell pellets were washed twice with PBS, resuspended in 0.5 ml PBS (GIBCO͞BRL), and transferred to a gene pulser cuvette (Bio-Rad). DNA (40 g) was added to the cells and the mixture put on ice for 5 min. The cells were electroporated (950 F, 0.34 V), followed by addition of 1 ml media supplemented with 10% fetal calf serum, and put back on ice for 8 min. The transfected cells were then seeded on 10-cm plates and were harvested 48 h posttransfection. In some experiments cells were transfected with ''GFP vector'' (phGFP-S65T; CLONTECH) and f luorescent cells were counted 48 h posttransfection. Such analyses indicated that 50-60% of the cell population expressed the foreign protein.
GSK-3 Activity Assays. Transfected cells were washed once with PBS and incubated in F-12 media supplemented with 0.5 mg͞ml BSA for 4 h. The cells were then treated with insulin (100 nM) for 5 min and GSK-3 activity was determined as described (24) . In brief, cells were washed twice with ice cold PBS and lysed with buffer G. The cell lysates were centrifuged for 20 min at 15,000 ϫ g, and the resulting supernatants were passed through DE52 mini-columns. The flow-through was collected, and equal amount of proteins lysates were incubated with specific antibodies against GSK-3␤ prebound to protein A Sepharose at 4°C for 3 h. Kinase assays were performed on the immunoprecipitates in reaction mixtures that included 30 mM Tris (pH 7.4), 10 mM magnesium acetate, 0.5 mM DTT, 0.1 mg͞ml BSA, 100 M [␥-
32 P]ATP, and 60 M P-GS1 peptide substrate (24) using a 15-min incubation. The mixtures were spotted on phosphocellulose paper (p81; Whatman), washed with 100 mM phosphoric acid, and counted for radioactivity. GSK-3 activity can be assayed with other substrates (as described in previous section).
32 P-Phosphate Labeling. Transfected cells were washed twice with DMEM lacking phosphate and were incubated with the same medium supplemented with 0.5 mg͞ml BSA. The cells were metabolically labeled with [ 32 P]orthophosphoric acid (1 mCi͞10-cm plate) for 4 h. They were then washed twice with ice cold PBS, lysed with buffer G, and IRS-1 was immunoprecipitated from the lysates using specific antibodies against IRS-1. The immunoprecipitates were washed twice with 50 mM Tris, pH 7.3͞0.5 M LiCl, twice with lysis buffer, and analyzed by gel electrophoresis followed by autoradiography.
Immunoblot Analysis. Transfected cells were treated with insulin (100 nM) for 15 min and lysed with Buffer G as described in previous sections. Equal amount of proteins were subjected to gel electrophoresis and immunoblotted with monoclonal antibodies to phosphotyrosine (PY 20; Santa Cruz Biotechnology).
RESULTS
To determine whether IRS-1 might be a target for phosphorylation by GSK-3, in vitro assays were performed using recombinant IRS-1, or immunoprecipitated IRS-1 from CHO cells overexpressing IRS-1 (CHO͞IRS-1) (9), as the substrate. Phosphorylation of IRS-1 from either source by GSK-3 was readily detected (Fig. 1A) . Phosphoamino acid analysis of the phosphorylated IRS-1 (recombinant IRS-1 or IRS-1 isolated from cells) showed that the protein was phosphorylated by GSK-3 exclusively on serine residues (Fig. 1B) . To compare the ability of IRS-1 to serve as a substrate of GSK-3 with that of known substrates of the enzyme, we carried out time courses of the phosphorylation of IRS-1, c-jun, and a synthetic phosphopeptide (p9CREB) patterned after the GSK-3 phosphorylation site in CREB (19) . A typical experiment is shown in Fig.  1C . The initial rate of IRS-1 phosphorylation by GSK-3 is higher as compared with that of c-jun (Ϸ2-fold) and similar to that of p9CREB, indicating that IRS-1 is a relatively ''good substrate'' for GSK-3. Similar results were obtained in three different experiments.
We next determined whether the phosphorylation of IRS-1 by GSK-3 would affect its phosphorylation by the IR in vitro. For this, recombinant IRS-1 was phosphorylated by GSK-3 and compared with untreated IRS-1 for its ability to serve as a substrate for partially purified IR. As seen in Fig. 2A , the ability of IR to phosphorylate GSK-3-phosphorylated IRS-1 on tyrosine residues was significantly lower (by 75 Ϯ 5.5%, n ϭ 3) than its ability to phosphorylate untreated IRS-1 (Fig. 2 A,  lanes 1 and 2) . In this experiment we also verified that GSK-3, which has been reported to be a dual specific enzyme (30), does not phosphorylate IRS-1 on tyrosine (Fig. 2 A, lane 3; and also see Fig. 1B ). To examine whether the reduction in IRS-1 phosphorylation by IR was due to a reduced ability of serine phosphorylated IRS-1 to serve as a substrate, or to inhibition of IR tyrosine kinase activity, we added an exogenous substrate, histone H2B, to the reaction mixture. Histone H2B, although infrequently used in this capacity, is known to serve as a substrate for IR (31) . The phosphorylation of H2B by IR was reduced Ϸ50% when IR was incubated together with GSK-3 phosphorylated IRS-1 (Fig. 2B, lane 2) . IRS-1 itself had no effect on H2B phosphorylation by IR (Fig. 2B. lanes 1 and  3) . We confirmed that H2B was phosphorylated exclusively on tyrosine residues (data not shown), and excluded the possibility that GSK-3 itself affects IR activity (Fig. 2B, lane 4) or phosphorylates H2B (Fig. 2B, lane 6) . These studies indicate that IRS-1 that has been phosphorylated by GSK-3 inhibits the tyrosine kinase activity of IR. To facilitate studies on the possible regulation of IRS-1 phosphorylation by GSK-3 in intact cells, CHO cells expressing IR and IRS-1 (CHO͞IR͞IRS-1) (9) were transiently transfected with WT GSK-3 or a mutant GSK-3, S9A, in which serine 9 had been changed to alanine (26) , thus preventing inhibition as a result of serine 9 phosphorylation. As determined by Western blot analysis of cell lysates using polyclonal antibodies to GSK-3 ␤ (Fig. 3 Upper), GSK-3 was barely detected in the vector-transfected cells but was readily seen in lysates from GSK-3-transfected cells; usually the GSK-3 protein level seen with WT enzyme was higher than that for S9A. GSK-3 enzyme activity assays (Fig. 3 Lower) revealed that in absence of added insulin both WT and the S9A enzymes exhibited a 2-to 3-fold increase in their kinase activities as compared with the control. The increase in enzymatic activities was not as great in the GSK-3 expressing cells as would have been expected by the increased levels of GSK-3 protein; this is not an uncommon phenomenon and is seen in other cell systems overexpressing an exogenous protein [for example, similar results are seen in cells overexpressing protein kinase C (32, 33)]. Insulin treatment suppressed GSK-3 activity in the control and WT-expressing cells (30-50% of basal activities) but had essentially no effect on GSK-3 activity of the S9A transfected cells, as would be expected if serine 9 is the key regulatory site of inhibition of GSK-3 (25, 34) .
To examine the total phosphorylation of IRS-1 in cells that were overexpressing GSK-3, they were metabolically labeled with [ 32 P]orthophosphoric acid and IRS-1 was immunoprecipitated. As shown in Fig. 4A , IRS-1 total phosphorylation was significantly higher in cells expressing WT or S9A as compared with control cells (2-to 3-fold). Analysis of the phosphoamino acid composition of the 32 P-labeled IRS-1 revealed that the increased phosphorylation seen in the cells expressing GSK-3 involves serine residues (Fig. 4B) . These results, together with the observation that IRS-1 was exclusively phosphorylated on serine residues by GSK-3 in vitro, support the view that IRS- Reactions were stopped by addition of Laemmli sample buffer, subjected to SDS͞PAGE, and autoradiographed. (B) Phosphoamino acid composition of each type IRS-1 phosphorylated by GSK-3 was determined as described. The migration positions of phosphorylated tyrosine (P-Tyr), threonine (P-Thr), and serine (P-Ser) are indicated. (C) IRS-1, c-jun, and p9CREB peptide (see Materials and Methods), 10 pmol of each, were phosphorylated by GSK-3 under the conditions described in A for the indicated times. Reactions with IRS-1 or c-jun as the substrates were stopped by addition of Laemmli sample buffer, subjected to SDS͞PAGE, and autoradiographed; radioactive bands were cut from the gels and counted for radioactivity. The reaction mixtures containing p9CREB was spotted on phosphocellulose paper and handled as described. Phosphate incorporation into each substrate is presented.
FIG. 2. Phosphorylation of IRS-1 by GSK-3 inhibits IR tyrosine kinase activity. (A)
Recombinant IRS-1 (0.1 g) was subjected to sequential phosphorylation reactions, the first involved serine phosphorylation by GSK-3 using unlabeled ATP, and the second involved tyrosine phosphorylation catalyzed by purified IR, again using unlabeled ATP. The reactions were stopped by addition of Laemmli buffer, boiled, and subjected to SDS͞PAGE. To detect IR-catalyzed tyrosine phosphorylation of the substrate IRS-1, immunoblot analysis was performed using monoclonal antibodies to phosphotyrosine. Experimental detail are provided in Material and Methods. The composition of the various reactions, including controls are presented in the upper panel of the figure. (B) The same as in A except that 10 g histone H2B was added together with IR and [␥-32 P]ATP. In this instance the phosphorylation of H2B was determined by autoradiography. FIG. 3 . Expression of GSK-3 in CHO͞IR͞IRS-1 cells. Cells were transiently transfected with pCMV4 expression plasmids encoding WT GSK-3␤ or its S9A mutant as described. GSK-3 expression levels (Upper) were determined by Western blot analysis of cell lysates using polyclonal antibodies to GSK-3␤. GSK-3 was immunoprecipitated from cell lysates and kinase activities were assayed in the immunoprecipitate complex using a peptide substrate P-GS1 (Lower). Kinase activities are presented as percent of control (cells transfected with vector alone), and are mean Ϯ SEM from three experiments.
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Cell Biology: Eldar-Finkelman and Krebs Proc. Natl. Acad. Sci. USA 94 (1997) residues was observed in the experiments of Fig. 4 , which was carried out in the absence of added insulin. Of critical importance was the question as to whether overexpression of GSK-3 would affect the insulin-induced tyrosine phosphorylation of IRS-1 by IR and autophosphorylation of the latter. Accordingly, cells were stimulated with insulin, and the phosphotyrosine levels of IRS-1 and IR were determined by Western blot analysis using specific antibodies against phosphotyrosine. As shown in 
DISCUSSION
GSK-3 was originally discovered as a serine͞threonine kinase believed to be involved as a negative regulator of glycogen synthesis through its effect on glycogen synthase activity. Eventually other studies implicated the enzyme as having a role in transcriptional regulation and development (18, 35) . Still, little is known about the immediate downstream targets of GSK-3 in intact cells. In these studies we identify IRS-1 as a potentially new target of GSK-3 in vitro and in intact cells. We show that phosphorylation of IRS-1 by GSK-3 in vitro causes inhibition of the the tyrosine phosphorylation of IRS-1 catalyzed by IR. Similarly, cells expressing elevated levels of GSK-3 exhibit decreased insulin-induced tyrosine phosphorylation of IRS-1 and IR. These results suggest that GSK-3 impairs insulin signaling via its phosphorylation of IRS-1. The high serine phosphorylation levels of IRS-1 previously reported to be presented in untreated cells (8) (9) (10) can be accounted for at least in part by constitutively active GSK-3. Addition of insulin, which suppresses GSK-3 activity and activates a protein phosphatase (36, 37) , would result in a reduction of GSK-3-serine phosphorylated sites on IRS-1, which in turn would diminish its function as an inhibitor of IR. However the complete picture for regulation of IRS-1 function by insulin as a result of changes in serine phosphorylation is probably not this simple. It has been reported (refs. 8-10, and also unpublished results from this laboratory) that insulin actually increases the total level of serine phosphorylation of IRS-1 in intact cells. Protein serine͞threonine kinases other than GSK-3 may have a role in IRS-1 phosphorylation, and, in contrast to GSK-3, may be up-regulated by insulin. For example, casein kinase 2 (CK-2) has been shown to phosphorylate IRS-1 (38) . Analysis of the phospho-peptides maps of IRS-1 phosphorylated by CK-2 in vitro and IRS-1 phosphorylated in vivo revealed several common peptides, some of which were insulin sensitive (38) , suggesting that IRS-1 is a cellular target of CK-2. Moreover, it has been reported by several laboratories, including this one, that insulin and other growth factors stimulate CK-2 activity, but these results have been disputed (reviewed in ref. 39 ). Our studies also indicate that both protein kinase A and protein kinase C are also capable of phosphorylating IRS-1 in vitro (unpublished data from this laboratory). It will be of great importance to identify the particular serine͞ threonine sites of IRS-1 that are phosphorylated in resting and in insulin-stimulated cells as well as the serine͞threonine kinases responsible for these multiple phosphorylations.
Several studies have indicated that a serine phosphorylated IRS-1 plays a role in the impairment of insulin signaling. Okadaic acid, a serine͞threonine phosphatase inhibitor, was shown to induce hyperphosphorylation of IRS-1 on serine͞ threonine residues, which was associated with a reduction in the ability of IR to phosphorylate IRS-1 (10). Tumor necrosis factor ␣, an important mediator in the development of insulin resistance in several model systems, was also shown to increase serine phosphorylation of IRS-1 in intact cells (11) (12) (13) . This modification converted IRS-1 to an inhibitor of the IR autophosphorylation tyrosine kinase activity (12) . Although the identity of the kinase activated by tumor necrosis factor ␣ is not   FIG. 4 . Phosphorylation of IRS-1 by GSK-3 in intact CHO͞IR͞ IRS-1 cells. Transfected cells were metabolically labeled with [ 32 P]orthophosphoric acid for 4 h, and IRS-1 was immunoprecipitated from the cell lysates. Samples were (A) analyzed by gel electrophoresis followed by autoradiography or (B) transferred to polyvinylidene difluoride membrane followed by acid digestion. Phosphoamino acid analysis was performed on the digested samples as described. The migration positions of phosphorylated tyrosine (P-Tyr), threonine (P-Thr), and serine (P-Ser) are indicated. known, it was demonstrated clearly that such a kinase may play a role in the impairment of insulin action (12) .
In non-insulin-dependent diabetes and obesity, cells are relatively insensitive to insulin. Although the mechanisms important for the development of insulin resistance are poorly understood, it is now clear that a number of factors may contribute to this process. It will be of interest to determine whether or not an increased phosphorylation of IRS-1 by GSK-3 may be one of them.
